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ABSTRACT

Background: Intermittent explosive outbursts (IEO), manifesting as sudden episodes of verbal or
physical aggression, are frequently present in patients with Tourette disorder (TD) and considered
as one of the most disabling symptoms by patients and families. The neuronal correlates of these

behaviours are poorly understood, and this was the primary objective of the present study.

Methods: We assessed the presence of IEO in 55 patients with TD and then compared the
subgroup of the patients with IEO to those without these manifestations using a multimodal

neuroimaging approach.

Results: 47 % of TD patients presented IEO, which was frequently associated with attention deficit
hyperactivity disorder (ADHD). TD patients (without ADHD) with IEO compared to TD without
IEO, showed structural changes in the right supplementary motor area as well as in the right
hippocampus (increased fractional anisotropy), and in the left orbitofrontal cortex (decreased mean
diffusivity). Using these three nodes as seeds for resting state functional connectivity, we showed
a lower connectivity within the sensori-motor cortico-basal ganglia network, and an altered

connectivity pattern among the orbito-frontal cortex, amygdala and hippocampus.

Conclusions: Overall, our results indicate that TD with IEO is associated with brain dysfunction
related to a less efficient top-down control on action selection, and impairments related to

emotional regulation, impulse control and aggressive behaviours.
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INTRODUCTION

Tourette’s disorder (TD), primary characterized by motor and vocal tics, is frequently associated
with psychiatric comorbidities and behavioural symptoms. Depression, anxiety, obsessive-
compulsive disorder (OCD), and attentional deficit hyperactivity disorder (ADHD) are considered

to be the most frequently associated with tics (Hirschtritt et al., 2015).

Intermittent explosive outbursts (IEO), also referred to “rage attacks™, are often seen in patients
with TD, mostly in those with psychiatric comorbidities. IEO are the one of the most disabling
symptoms, and cause immense distress for patients, families, and caregivers (Budman et al., 2015).
As defined by the Diagnostic and Statistical Manual of Mental Disorders (DSM-V; (American
Psychiatric Association, 2013). IEO manifest as sudden episodes of verbal or physical aggression,
which are disproportionate to the given situation and usually occur with little to no warning.
Previous studies on IEO in TD found these manifestations in a large proportion of patients (from
25 to 70 %) and were frequently associated with more severe tics and the presence of ADHD or
OCD comorbidities (Budman et al., 2000, 1998; Chen et al., 2013). However, some of these studies
pointed to the fact that IEO could also occur in patients with typical TD without any significant
associated psychopathology (Chen et al., 2013; Sambrani et al., 2016). In TD patients with IEO
and without significant associated psychiatric comorbidities the prevalence decreased to 5 %

(Chen et al., 2013).

TD and IEO have some common morphological and functional features raising the possibility of
a partly shared pathogenesis. For instance, thinning of the orbitofrontal cortex (OFC) in patients
with mild traumatic brain injury (Epstein et al., 2016) and inactivation of the ventral and lateral

OFC in animal models was related to aggressive behaviours (Kuniishi et al., 2016). Other brain



regions, such as the amygdala, hippocampus, hypothalamus, and anterior and retrosplenial
cingulate cortices were also related to the expression of aggressive behaviours in humans and

animals (Ferris et al., 2008, p. 200; Leroy et al., 2018).

In TD, the dysfunction of the cortico-basal ganglia networks is considered to be one of the main
pathophysiological mechanisms, with a particular focus on sensori-motor networks as the main
generator of the tics (Rae et al., 2018). However, dysfunction of several brain regions implicated
in the generation of aggressive behaviours was also found in TD. In particular the OFC,
hippocampus, amygdala and anterior cingulate cortex were related to premonitory urges, control
over tics, and the presence of associated psychopathology such as OCD (Martino et al., 2018;

Worbe et al., 2010).

Despite the relevance and frequency of the aggressive behaviours seen in TD, the neuronal
underpinnings of these behaviours are poorly understood. We hypothesized that patients with TD
and aggressive outbursts would present a specific alteration within the brain regions previously

linked to aggressive behaviours compared to those without IEO.

MATERIAL AND METHODS

Patients

We analysed available data from a larger study on impulsivity in TD. 55 adult patients with TD
were included in the study from the specialized Tourette disorder clinic (Pitié-Salpétriere hospital,

Paris, France) and assessed prior to inclusion by a multidisciplinary team. All procedures comply



with the ethical standards of the relevant national and institutional committees on human

experimentation and with the Helsinki Declaration of 1975, as revised in 2008.

For all patients, the exclusion criteria were an incapability or unwillingness to give consent for the
study and incompatibility with MRI scanning as well as present substance addiction (excluding
nicotine; recreational cannabis use was allowed), a past or present history of psychosis and a

presence of neurological symptoms other than tics.

All patients were assessed for psychiatric disorders (French version of the Mini International
Neuropsychiatric interview, MINI; (Sheehan et al., 1998)), impulse-control disorders (Minnesota
Impulse Disorders Interview, MIDI; (Grant, 2008)), impulsivity (using the Barratt Impulsivity
scale, BIS-11; (Patton et al., 1995)), and anxiety with the State-Trait Anxiety Inventory (STAI;
(Hamilton, 1959)). Yale Global Tics Severity Scale (YGTSS; (Leckman et al., 1989)) was used to
assess tics severity, and the presence of psychiatric comorbidities was evaluated using patient
medical records and psychiatric evaluations prior to their inclusion in the study. Prior to inclusion
in the protocol, patients with TD were also assessed by a multidisciplinary team for common
psychiatric comorbidities (OCD and ADHD) using the DSM-V criteria (American Psychiatric
Association, 2013). An IEO diagnosis was based on the MIDI as well as medical notes and a face
to face interview, and was made according to the DSM-V definition (American Psychiatric
Association, 2013): several episodes of inability to inhibit aggressive impulsions; aggressivity out
of proportion and not explained by psychosocial causes; aggressivity not explained by psychiatric

or neurological disorders or substance effects.

Neuroimaging data



Neuroimaging data were acquired using 3T MRI scans (Siemens Prisma, Germany) with a 64-

channel head coil. Multimodal MRI protocol was use with the sequences as followed:

i) T1-weighted images (MP2RAGE; TR = 5s, T1 = 700/2500ms, fov = 256, Imm isotropic, Ipat
acceleration of 3) were first denoised and pre-processed (segmentation, normalization to Montreal
Neurological Institute space and smoothing at 10mm) using the Computational Anatomy Toolbox

(www.neuro.uni-jena.de/cat/) extension from SPM12 (www.fil.ion.ucl.ac.uk/spm/).

i1) A multi-echo echo-planar imaging (EPI) sequence was performed for the resting states, with a
multi-slice, multi-echo acquisition scheme (TR = 1.9s, TE = 17/36/56ms, Ipat acceleration factor
2, Multi-band 2, isotropic voxel size 3mm) and were processed with the MEICA toolbox
(www.github.com/ME-ICA/me-ica/). This toolbox implements standard pre-processing steps:
slice timing correction and realignment to the first volume driven by the first echo, and
coregistration to the anatomic volume. A single warp was applied to combine realignment and
coregistration. Then, we performed a principal component analysis to reduce the dimensionality
of the dataset by removing thermal noise, and an independent component analysis decomposition
to separate BOLD (blood-oxygen-level dependent) from non-BOLD components based on the
echo time dependence of the BOLD component. After the independent component analysis, we
obtained a dataset where both thermal noise and physiological noise such as movements,
respiration artefacts, and cardiac artefacts were removed. Finally, we normalized the dataset using

the flow field generated by the T1 processing from CAT12.

11i1) A multi-shell diffusion tensor imaging (DTT) acquisition was also performed (TR = 3.5s, TE =
75ms, Multi-band of 3, isotropic voxel size 1.75mm, 60 direction with b = 2000 s/mm?2, 32
direction with b = 1000s/mm2 and 8 direction with b = 300s/mm2, one b = 0 was each 10

directions). Data pre-processing was performed using the FMRIB software library (FSL) pipeline



to extract fractional anisotropy (FA) and mean diffusivity (MD), involving correction for motion
and eddy currents, removal of non-brain tissue of each volumes, tensor reconstruction, non-linear

registration, alignment to the MNI space and thresholding data at 0.2.

Statistical analyses

First, for both T1 and DTI metrics, we performed group whole-brain voxel-based analyses using
the total intracranial volume as a nuisance variable. Second, for fMRI analysis, we used the AAL
atlas to perform functional connectivity between the regions of interest (ROI) found during
structural analysis to discriminate patients with and without IEO (selected bilaterally), and all the

other AAL ROI, using the DPSARF toolbox implemented in SPM12 (http://rfmri.org/DPARSF).

Functional connectivity statistics were performed in two time involving systematical t-tests
(threshold at p < 0.05) following permutations adjustments (n = 5000): i) One sample t-test to
exclude connectivity between two-regions when they were not different from 0; 11) Two-sample t-
tests to discriminate patients with TD with and without IEO. Regarding demographics and clinical
data, we used two-sample t-tests and chi-square analyses when appropriate, as well as Bayesian
analyses to compensate the weak number of participants. All statistics were performed using the

statistical R software.

RESULTS

Clinical characteristics of TD patients with and without aggressive outbursts

Fifty-five patients with TD were included in the study. As shown in Table.1, 26 patients (47 %)

presented IEO. In TD patients with IEO, we found higher scores of impulsivity (BIS-11), anxiety



(STAI) and ADHD comorbidity (p < 0.01). There were no differences in the severity of tics

(YGTSS/50) or the presence of comorbid OCD.

After excluding all cases with an ADHD comorbidity and/or a childhood history of ADHD to
avoid a confounding factor (n = 25), the final sample included 21 patients with TD without IEO
(TDno-apnp) group) and 9 with IEO (TD-IEOmoe-apbup; group). No significant differences between
the two groups of patients were found regarding gender, demographics, or clinical data, and were
confirmed by both classical and Bayesian statistics (Table.2). Among the TD-IEOjno-apHD] group,
one subject had past history of OCD and two had active checking behaviour, but no past or current

history of obsessive or compulsive symptoms of aggressive content.

Structural and functional neuronal changes in TD patients with aggressive outbursts

Whole brain voxel-based analysis did not show any significant differences between the TDjno-abHD]
and the TD-IEOmo-apup; groups in grey or white matter intensity. We found an increased FA in
the right SMA and hippocampus, and a decreased MD in left OFC in TD-IEOjno-apHD] group

(Fig.1).



Resting state functional connectivity analysis

Based on structural results, we performed a functional connectivity analysis of the resting state
functional MRI using the bilateral SMA, hippocampus and OFC as seed regions, and compared
the connectivity maps between the two groups. As shown in Fig.2.A, in TD-IEO0-apHp) patients
compared to TDno-apHD], the SMA, as a seed region, showed overall decreased connectivity to the
basal ganglia (putamen bilaterally and right subthalamic nucleus) and cortical areas, namely
temporal (right temporal pole and left middle temporal gyrus), the superior frontal gyrus and the
middle cingulate gyrus. The OFC, as a seed region, showed lower connectivity to the left amygdala
and the cerebellum (part 10 bilaterally and part 9 right), and higher connectivity with the temporal
cortex (right pole, left inferior and middle gyri) in TD-IEOno-apup; patients (Fig.2.B). The
hippocampus, as a seed region, (Fig.2.C) showed lower connectivity to the left OFC, right

cerebellum (vermis 8 and part 6) and lingual gyrus.

DISCUSSION

We assessed aggressive outbursts in a relatively large group of consecutive TD patients with no
associated ADHD, and investigated their neuronal correlates. We found various alterations in the

anatomical and functional connectivity between motor and limbic networks that may account for



the pathogenesis of these outbursts, and could be targeted by future experimental therapeutics. Our
findings also indicate that some of the patients with TD are more prone to aggressive outbursts

due to atypical brain functionality, which may have potential implications for legal issues.

Aggressive behaviours in Tourette disorder and associated psychopathology

Overall, and in agreement with previous studies in adults (Sambrani et al., 2016) and child
(Benaroya-Milshtein et al., 2019) patients with TD, our results pointed to the fact that IEO are
frequent in TD (47 % in our study), and are usually associated with the presence of ADHD, as 65
% of our patients with TD and IEO also had comorbid ADHD. Moreover, and in agreement with
previous studies (Sambrani et al., 2016), we found that a part of our patients (16 %) experienced
IEO, which were not associated with the comorbid psychopathology, namely ADHD, suggesting

an independent pathophysiological mechanism in these patients.

In contrast with previous findings (Budman et al., 2000, 1998; Chen et al., 2013), we found that
our two groups of patients had similar tics severity (YGTSS/50), suggesting a weak or no
association between severity of tics and the presence of IEOQ. However, this latter conclusion

should be tempered by the fact that our sample was fairly small when restricted to TD-IEO patients.

Structural and functional correlates of IEQO in TD

The neuroimaging part of our study that focused on the TD-IEO group of patients pointed out the
abnormal structure and functional connectivity within the sensori-motor and limbic neuronal

networks as a potential marker of aggressive behaviours in this group.

Sensori-motor neuronal network in TD patients with IEO



In TD-IEOno-apup] patients we found a higher FA in the SMA and lower connectivity between

the SMA and the putamen and subthalamic nucleus.

Indeed, the SMA is involved in action selection (Rowe et al., 2010), suppression (Boy et al., 2010)
and evaluation (Scangos et al., 2013) and is also part of a network related to tics severity in TD
(Polyanska et al., 2017). It was also shown to be involved in behaviours related to anger control
impairment. For example, adolescents with conduct disorder have a lower activity of the pre-SMA
(Zhang et al., 2015), whereas patients with borderline personality disorder have an increased SMA

gray matter volume (Yang et al., 2016).

The functional connectivity results revealed a lower interaction between the SMA and the putamen
and subthalamic nucleus involved in the direct and indirect (putamen) and hyperdirect
(subthalamic nucleus) cortico-basal ganglia pathways. Overall, lower connectivity within these
networks suggests a less efficient mechanism of action selection and control in TD-IEO patients
compared to TD. Moreover, the SMA also had a lower connectivity with temporal, prefrontal and
dorsal cingulate cortices, known for their implication with anger regulation and threat appraisal
(Achterberg et al., 2018; Klimecki et al., 2018). All together, these results pointed to abnormal
integration within a network related to anger regulation, as well as less efficient top-down control

on action selection.

These results offer a theoretical framework that suggests that TD-IEO patients could face more
difficulties with anger regulation as well as appropriate action selection and action control, which

could trigger seemingly uncontrollable aggressive behaviours as seen in [EO.

Limbic neuronal network in TD patients with IEO



Two limbic regions, the OFC and the hippocampus, showed structural abnormalities and abnormal
functional connectivity in TD-IEOno-apap). Namely, these patients showed a lower MD in the
OFC, suggesting a lower cellular density in this region, and a higher FA in the hippocampus, which
could reflect higher axonal input or output from this structure. Grey matter reduction in the OFC
was previously found in patients with IEO (Coccaro et al., 2011), but also in increased aggressivity
following a focal OFC injury (Brower and Price, 2001). Interestingly, in animal models, chemical
and electric activation of the hippocampus elicits aggressive behaviours (Leroy et al., 2018).
Moreover, animal models of aggressive behaviours elicited by peripubertal stress, showed
structural abnormality in frontal cortical areas, the hippocampus and the amygdala only in animals
with a high aggressiveness (Walker et al., 2018), suggesting a specific role of this network in
aggressive behaviours. The results of our functional connectivity analyses are in line with animal
models findings, as they showed a lower functional connectivity between the OFC and the

hippocampus, amygdala, and cerebellum.

According to the proposed neuroanatomical model of impulsive aggressive behaviours (Coccaro
et al., 2011), the OFC plays a role in emotional regulation and impulse control (Rudebeck et al.,
2008), while the hippocampus is involved with socio-emotional information processing as a part
of decision-making networks, and in choosing between initiating or suppressing aggressive
behaviours. Finally, the amygdala was suggested to be a part of the network generating the
aggressive impulses. According to this model, a lower functional connectivity among these regions
in patients with TD-IEO could reflect a poorer impulse and / or emotional control, and less efficient

decision-making, facilitating aggressive actions.

Our results further support a role for the cerebellum in aggressive behaviours. The cerebellum has

not been classically linked to aggressivity, even if some studies showed abnormal cerebellar



structure in patients with aggressive behaviours and psychosis (Widmayer et al., 2018), or the
development of aggressivity after a cerebellar stroke (Tessier et al., 2015). There is also a growing
evidence in the literature that the cerebellum is crucial for cognitive functioning and flexible
behavioural adaptation (Miquel et al., 2019). In this study, we found a lower connectivity of the
OFC with the cerebellum. Within the theoretical framework of cerebellar role in the forward model
of action adaptation, it might indicate that, in patients with TD-IEQO, the cerebellum is failing to
adjust the OFC activity in response to external or internal stimuli and consequently to flexibly

adapt the behaviour to these stimuli in favour of an aggressive response.

Finally, we also found a higher connectivity between the OFC and temporal cortices. The role of
the temporal cortex in aggressive behaviours is well-documented throughout numerous reports of
aggressivity in patients with temporal lobe epilepsy (Brodie et al., 2016). The temporal cortex and
in particular, the temporal pole, has been linked to the processing of social cues and the integration
of contextual information (Pehrs et al., 2017). In line with a previous study on the alteration of
social information processing in TD (Rae et al., 2018), our results of higher connectivity between
the OFC and temporal pole could suggest a higher sensitivity to social cues in TD-IEO as a

potential trigger for aggressive behaviours.

Overall, our results highlighted the abnormal functional and structural connectivity of limbic and
sensory motor networks that were specific for patients with TD associated with IEO. Future
experimental therapeutic studies with non-invasive brain stimulation of the connection between
motor and limbic network would be warranted, especially because both pharmacological (Coccaro
et al., 2009) and behavioural (McCloskey et al., 2008) treatments reported interesting but weak
IEO improvements. These results also raised the question of legal implication in patients suffering

from these manifestations.



Limitations

The main limitation of this study is a small sample size in TD-IEO patients after the exclusion of
patients with comorbid ADHD. This approach allowed us to avoid a major confounding factor and
identify the cerebral regions associated with aggressive outbursts. Moreover, the obtained results
are in line with other studies that addressed the cerebral correlates of aggressive outbursts in other
pathological conditions. However, further studies on even larger groups of TD patients are

warranted to confirm our results.
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FIGURES CAPTIONS

Fig.1. Structural correlates of IEO in TDno-apHD], representing (A) an increased FA and (B)
a decreased MD in comparison to TD patients without IEO.

Hip: Hippocampus; OFC: Orbitofrontal cortex; SMA: Supplementary motor area.

Fig.2. Functional correlates of IEO in TDno-ApHD], using (A) the SMA, (B) the OFC and (C)
the hippocampus as nodes in comparison to TD patients without IEQ. Blue lines represent
decreased connectivity and red lines represent increased connectivity in comparison to TD
patients without IEO.

Amyg: Amygdala; Cereb: Cerebellum; Hip: Hippocampus; ITG: Inferior temporal gyrus; Lin:
Lingual gyrus; MCG: Middle cingulate gyrus; MTG: Middle temporal gyrus; OFC: Orbitofrontal
cortex (M: Middle; S: Superior); Put: Putamen; SFG: Superior frontal gyrus; SMA: Supplementary

motor area; STN: Subthalamic nucleus; TPo: Temporal pole.









Table.1. Demographics and clinical data for TD patients with and without intermittent

explosive outbursts.

TD TD-IEO
(n = 29) (n = 26) p-value bf
Gender (F/M) 4/25 7/19 0.38 0.49 £ 0.01%
Age (y) 3145+ 11.17 31.03 £ 11.55 0.86 0.33£0.01%
Education duration (y) 14.06 + 2.66 13.94 + 2.66 0.83 0.34 £0.01%
YGTSS (/50) 15.67 +6.36 17.03 £8.17 0.46 0.27 £0.01%
MIDI* 0.83 + 1.07 1.27 £1.04 0.13 0.73 £0.02%
BIS-11 60.98 + 10.34 67.21 £11.33 0.01 0.43 +0.01%
STAI 69.73 + 18.73 84.51 £ 16.32 <0.001 | 2.19 +0.00%
Medication (%) 38% 31% 0.78 0.31 £0.01%
ADHD (%) 27% 65% 0.01 9.31 £ 0.00%
OCD (%) 17% 27% 0.59 0.37 £0.01%

*: one point was removed for TD-IEO patients due to the score of IEO itself; ADHD:
Attentional deficit hyperactivity disorder; bf: Bayesian factor; BIS-11: Barratt Impulsivity
scale; MIDI: Minnesota Impulse Disorders Interview; OCD: Obsessive-compulsive disorder;
STAI State-Trait Anxiety Inventory; TD: Patients without intermittent explosive outbursts;
TD-IEO: Patients with intermittent explosive outbursts; YGTSS: Yale Global Tics Severity

Scale.



Table.2. Demographics and clinical data for TDmo-apup) patients with and without

intermittent explosive outbursts, excluding patients with comorbid ADHD.

TDmo-apEp] | TD-IEO[no-ADHD]
(n=21) (n=9) p-value bf
Gender (F/ M) 3/18 4/5 0.19 1.21 £ 0.00%
Age (y) 32.81 £12.55 30+7.21 0.45 0.43 +0.00%
Education duration (y) 14.05 £ 2.67 15.22 +£3.31 0.36 0.54 +0.00%
YGTSS (/50) 16.09 £6.13 14.78 £ 8.73 0.69 0.39 +0.00%
MIDI* 0.62 +1.02 1+0.87 0.31 0.52 + 0.00%
BIS-11 61.28 +£9.88 59.11 £7.77 0.53 0.41 +£0.00%
STAI 71.76 +£14.33 80 = 14.47 0.17 0.77 £ 0.00%
Medication (%) 38% 55% 0.78 0.48 +0.00%
OCD (%) 14% 33% 0.48 0.31 +£0.00%

*: one point was removed for TD-IEOmo-apHp) patients due to the score of IEO itself; ADHD:
Attentional deficit hyperactivity disorder; bf: Bayesian factor; BIS-11: Barratt Impulsivity scale;
MIDI: Minnesota Impulse Disorders Interview; OCD: Obsessive-compulsive disorder; STAI:
State-Trait Anxiety Inventory; TDpo-apHD): Patients without intermittent explosive outbursts; TD-
IEOmo-apHp): Patients with intermittent explosive outbursts; YGTSS: Yale Global Tics Severity

Scale.





